The mechanisms underlying the ontogeny of voltage-gated ion channels in musde are unknown. Whether expression of voltage-gated channels is dependent on mitogen withdrawal and growth arrest, as is generally true for the induction of muscle-specific gene products, was investigated in the BC3H1 musde cell line by patch-clamp techniques. Differentiated BC3H1 myocytes expressed functional Ca2+ and Na+ channels that corresponded to those found in T tubules of skeletal muscle. However, Ca2" and Na+ channels were first detected after about 5 days of mitogen withdrawal.
In order to test whether cellular oncogenes, as surrogates for exogenous growth factors, could prevent the expression of ion channels whose induction was contingent on mitogen withdrawal, BC3H1 cells were modified by stable transfection with oncogene expression vectors. Expression vectors containing v-erbB, or c-myc under the control of the SV40 promoter, delayed but did not prevent the appearance of functional Ca2" and Na+ channels. In contrast, transfection with a Val"2 c-H-ras vector, or cotransfection of c-myc together with v-erbB, suppressed the formation of functional Ca2' and Na+ channels for >4 weeks. Potassium channels were affected neither by mitogenic medium nor by transfected oncogenes. Thus, the selective effects of certain oncogenes on ion channel induction corresponded to the suppressive effects of mitogenic medium.
M U USCLE DIFFERENTIATION IS ACcompanied by developmental changes in the expression of voltage-gated membrane ion channels (1) , whose underlying cellular mechanisms are unknown. In contrast, the induction of genes that encode each subunit of the ligand-gated nicotinic acetylcholine receptor has been linked to cessation of cell division or to withdrawal of mitogenic growth factors (2, 3) . It has been proposed that cellular oncogenes that have been implicated in mediating growth factor effects (4) function as negative regulators of myogenesis (5) . Furthermore, certain variant muscle cell lines that cannot differentiate autonomously express either c-myc (6) or the epidermal growth factor (EGF) receptor encoded by cerbB (7) . We therefore examined the ontogeny ofvoltage-gated ion channels in BC3H1 muscle cells, a clonal line that has been used extensively as a model of myogenic differentiation (3, 5, 8, 9) . We wanted to determine whether expression of one or more voltagegated channels in BC3H1 myocytes would be contingent on mitogen withdrawal, or would be influenced by stable transfection (10) with cellular or viral oncogenes that mimic the effects of growth factors on muscle-specific gene induction (9) . We report that expression of functional calcium and sodium channels was suppressed both during proliferative growth and by transfection with certain oncogene alleles. In contrast, expression of potassium channels was inhibited neither by mitogenic medium nor by the transfected oncogenes.
We examined Ca +, Na+, and K+ currents in whole cells or single channels by means of the gigaseal patch-clamp method (11) . In BC3H1 cells that had been induced to differentiate in 0.5% fetal bovine serum (FBS) for 5 days (5, 9) we identified (i) a rapidly activating, low-threshold Ca2+ current, (ii) a slowly activating, higher threshold Ca2+ current ( Fig. 1) , (iii) a delayed, outwardly rectifying K+ current, and (iv) an inward Na+ current that was half-maximally Table 1 . Properties of Ca2" channels in BC3H1 myocytes, skeletal muscle (12) , and smooth muscle (13) . Vth, potential for threshold activation; Vp, potential at which inward current is maximal; and t,,2, time to 50% activation or inactivation. (13) (Fig. 1 , A to C, and (Fig. 2 ).
Samples
Ca2+ and Na+ currents could not be detected in proliferating BC3H1 myoblasts, at test potentials ranging from -20 to +60 mV: these currents first appeared after 4 to 5 days of mitogen withdrawal. Peak amplitudes for the three inward currents, relative to one another, neither varied appreciably from cell to cell nor varied during the observed time course of differentiation (1) . Current densities were normalized to membrane area, which was estimated from both cell capacitance and cell geometry, and were found to increase through days 15 to 20 after mitogen withdrawal and then to plateau (Fig.  2B ). We estimated channel number (N) using the relation I = N * i * P0 where I denotes the amplitude of the whole-cell current, i is the mean single-channel amplitude, and P0 indicates the probability that a single channel is in an open state (11) Ba2+, I-400 pA, t = 0.65 pA, and PO-0.1. Thus, we calculate that differentiated BC3H1 myocytes may express 104 functional "slow" Ca2+ channels per cell, with a doubling time of approximately 2 days during mitogen withdrawal. For the K+ current, I 500 pA, i = 0.5 pA, and P0 0.5, indicating that BC3H1 cells express -2000 K+ channels per cell (Fig. 1, D to F) . In contrast to our results for Ca2+ and Na+ currents, the K+ current was relatively invariant during differentiation (Fig. 2D) .
To test if induction of Ca2+ channels can be inhibited via genes that encode proteins postulated to transduce or emulate mitogenic signals, we investigated clonal cell lines derived from BC3H1 cells that had been stably transfected with activated alleles of cmyc, v-erbB, both genes, or c-H-ras (9) (Fig.  3) . The c-myc expression vector, pSVc-myc-1, contained murine c-myc coding sequences under the transcriptional control of the SV40 promoter (16) . The v-erbB vector, pAEV1 1-d1-3, consisting of the avian erythroblastosis viral genome deleted in the irrelevant erbA andgag sequences (17) , corresponds to a truncated or ligand-independent EGF receptor. The vector, pEJ6.6, containing the Val'2 allele of c-H-ras, encodes a ras protein that binds, but cannot hydrolyze guanosine triphosphate and is postulated to function constitutively in transduction of signals induced by growth factors (16, 18) . Evidence that the transfected oncogenes are expressed in the resulting clonal cell lines is reported elsewhere (9). We found that either an autonomous c-myc gene or v-erbB delayed, but did not prevent, differentiation of BC3H1 cells, indicated by >100-fold induction of muscle creatine kinase (mck) messenger RNA (mRNA) (9) . In contrast, more than additive inhibition of differentiation resulted when c-myc was cotransfected with v-erbB. Moreover, the Val'2 c-H-ras allele, when transfected alone, suppressed mck and a-actin mRNA induction (9) . The expression vectors were not themselves mitogenic for BC3H1 cells, and each of these stably transfected, clonal cell lines withdrew from the cell cycle within 48 hours of mitogen deprivation. Thus, the effects of transfected oncogenes on musclespecific gene expression were independent ofcell proliferation. In BC3H1 cells that had been transfected with pSVc-myc-1 or pAEV1 1-dl-3, the initial expression of both Ca2+ channels was delayed by 1 to 2 days, when compared to control BC3H1 myocytes. On the other hand, the Ca2+ current density ultimately was equivalent to that of the control cells (Fig. 2B) . Neither the I-V relations nor the kinetics of the macroscopic Ca?' currents were altered. These results agree with recent reports indicating that c-I MAY I987 myc expression by itself does not suppress the differentiated phenotype in muscle cells (9, 19) .
In contrast, cotransfection ofpSVc-myc-1, together with pAEV1 1-dl-3, resulted in synergistic suppression of the two Ca2+ currents (Fig. 2) . These results substantiate our previous observation that the concerted effect of the oncogenes c-myc and v-erbB on myogenesis was more than additive in these cells (9, 11) effects on muscle-specific gene induction (9) , the Val'2 allele of c-H-ras sufficed by itself to abolish expression of functional Ca2+ channels at up to 40 days in "differentiating" medium (Fig. 2) . Maximal concentrations of isoproterenol (10-6M) and BAY k 8644, a dihydropyridine agonist (DHP, 5 x 10-6A4) (20) , did not elicit Ca2+ currents either in ras-transfectants or in proliferating cells. Since currents of -10 pA could be resolved, the number of Ca2+ Corresponding results were obtained for Na+ currents (Fig. 2C) , whereas, by contrast, the K+ currents were not altered by any of the transfected gencs (Fig. 2D ). It will be interesting to test the prediction that mitogenic stimulation and the transfected ras gene suppressed Ca2+ currents by channel biosynthesis, or because channels, though present, were rendered functionally inactive. It remains to be established whether an activated ras protein that can serve as a surrogate for exogenous growti factors (i) has a primary effect on induction of these three voltage-gated channels, or (ii) is coupled to channel function as a negative modulator (21) , or (iii) acts principally through up-regulation of secondary autocrine factors. Our investigation does not resolve the issue of whether the effects of "activated" oncogene alleles, which have been altered by mutation or by transciptional control, may be extrapolated to imply similar involvement ofthe respective endogenous genes. As illustrated by contasting results in rat pheochromocytoma cells, biological responses to rasdependent signals may reflect inherent properties of a partcular cell lineage rather than properties intrinsic to the ras gene product (22) .
Expression ofK+ channels in BC3H1 cells was refractory to both the state of cell proliferation and to transfection with genes that suppress myogenc development. This "constitutive" expression of these K+ channels agees with previous findings of K+ channel expression in mmature or undifferentiated cells (1, 23) and contrasts with the regulated induction of functional a2+ and Na+ channels. 1A ). Under these conditions, both the "fast" and "slow" components of the Ca2+ current are maimally activated in differentiated BC3H1 myocytes (see Fig. 1B In agreement with our results shown here for voltage-gated ion channels analyzed by patch-clamp techniques, transfection of BC3H1 cells with the Val12 ras gene (but not the c-myc vector) was sufficient to prevent the induction ofmuscle differentiation products measured at the level of mRNA abundance. It is possible that the coordinate regulation of multiple channels, whose induction is contingent on mitogen withdrawal and is prevented by a single missense mutation, is interpreted most simply in the context of models for the control of musclespecific gene induction via the recognition of shared, cis-acting DNA sequences (24) . Since the regulatory events underlying the expression of voltage-gated channels during development are likely to be complex, it should prove advantageous to exploit a clonal system such as the present one, in which genetic manipulations produce clear-cut phenotypic effects (25 (Fig. 1) . On the basis of analyses of the nucleotide sequences, it was suggested that US2 specifies a membrane-translated protein (11) because of the predicted hydrophobic NH2-terminal region, which could be a signal for membrane-bound translation. The predicted amino acid sequence for US3 is homologous to members of a protein kinase family in eukaryotes and retroviruses (11, 14) . US4 encodes glycoprotein gG (15, 16) .
The procedures used for construction of the deletion mutants were similar to those described previously (12, 17 
